N atural killer cells are large granular lymphocytes that play a key role in innate immune responses against virus-infected cells and tumor cells (1) (2) (3) . This immune control is mediated through a potent cytotoxic activity against cells bearing altered or foreign MHC molecules (1, 4) . NK cells synthesize and accumulate large amounts of cytolytic proteins such as perforin and granzymes that can be released to induce the death of target cells (5) . In addition, NK cells modulate the initiation of adaptive immune responses through cytokine/chemokine secretion and direct interactions with APCs (6, 7) . In particular, activated NK cells secrete IFN-␥, which plays a key role in triggering the innate immune response against pathogens, in the activation and maturation of colocalized monocytes and dendritic cells (DC), 3 and in the early differentiation of a Th1-adaptive response after infection (8) .
Development, survival, proliferation, and effector functions of NK cells are critically dependent on cytokines of the common ␥-chain (␥ c ) family (2, 9) . In vitro studies indicate that IL-2, IL-15, and IL-7 can all support NK cell activation (10) . IL-15 is essential for NK cell differentiation from T/NK progenitor cells (11) and for NK cell function (2, (12) (13) (14) . IL-2 also potentiates NK cell function and has been used as an immunotherapeutic agent to promote NK cell antitumor activity (9) . IL-2 and IL-15 share a common intermediate-affinity receptor formed by the association of two chains, IL-2/IL-15R␤ (CD122) and the ␥ c or CD132), with a K d in the nanomolar range. Specificity is conferred by a third receptor chain, IL-2R␣ (CD25) or IL-15R␣, which together with CD122 and ␥ c constitute the tripartite high-affinity receptor with a similar K d of 12 pM for both cytokines, whereas the single chains IL-2R␣ and IL-15R␣ bind their respective cytokine with very distinct K d of 19 nM for IL-2 and 30 pM for IL-15 (10) . The cytoplasmic domains of CD122 and ␥ c bind intracellular signaling complexes, while the private ␣ subunits of the receptors are not considered to play a major role in signaling. IL2-R␣ has a short cytoplasmic domain of 13 residues and is not known to bind signaling molecules. IL-15R␣ has a 43-residue cytoplasmic domain that can associate with the TRAF2 and Syk signaling molecules, although these associations remain of unknown significance (2, (15) (16) (17) . Importantly, the private subunits of the IL-2 and IL-15 receptors are key in conferring receptiveness to their cognate cytokine, as exemplified by the very similar phenotypes of mice with targeted inactivation of the IL-2 and IL-2R␣ genes (lymphoproliferation) and of mice inactivated for the IL-15 and IL-15R␣ genes (lack of NK cell development) (10) .
A specific property of IL-15R␣ expressed at the surface of IL-15 producer cells, e.g., dendritic cells, monocytes, or stromal fibroblasts, is its capacity to bind IL-15 with high affinity in the absence of the CD122 and ␥ c receptor chains (18) . The IL-15/IL-15R␣ complex at the surface of the producer cells can then be "transpresented" to a responder cell bearing the intermediate-affinity receptor, thus reconstituting a tripartite high-affinity receptor complex (9, 17, 19 -23) . Trans-presentation results in an efficient and long-lasting signal due to the tight intercellular junction and the capacity of the IL-15/IL-15R␣ complex to recycle at the cell surface after internalization (19, 24) . IL-15 trans-presentation is particularly relevant during NK/dendritic cell (DC) interactions, which link the innate and adaptive stages of immune responses (23, 25) . Indeed, NK cells activate or lyse DC depending on their activation status, while in return DC activate NK cells and promote their cytotoxic activity (6, 7) . These studies have led to an increasing appreciation of the role of NK cells in shaping the initiation of DC-dependent adaptive responses.
IL-2 and IL-15 signal through three major pathways: Jak/ STAT, MAPKs, and PI3K/Akt (26 -29) . It should be noted that at high cytokine concentrations, the intermediate-affinity receptor recapitulates signaling events transduced through high-affinity receptors (9, 30) . Activation of the Jak/STAT pathway depends on conformational rearrangement of receptor chains, leading to phosphorylation of receptor-associated Jak1 and Jak3 kinases, which in turn phosphorylate STAT5a and STAT5b and to a lesser extent STAT1b and STAT3 transcription factors. The phosphorylated STATs dimerize, diffuse into the nucleus, and activate the transcription of multiple target genes (26) . To date, no difference has been characterized in NK cells between the patterns of protein phosphorylation induced after IL-2 or IL-15 stimulation (31). However, these two cytokines clearly induce different effects on NK cells (10, (32) (33) (34) . IL-15 has mostly prosurvival effects (35) and induces a stronger proliferative response than IL-2 (36, 37) . In contrast, IL-2 induces NK cell apoptosis under some conditions in vivo (35) . The molecular basis for these functional differences still remains a matter of debate (9, 32) . Several mechanisms have been proposed to differentially control IL-2 and IL-15 action, including cytokine compartmentalization (10) , differential expression of the highaffinity receptors (9) , and differential activation of cell growth and survival pathways (38) .
To address this issue, we investigated the kinetics of expression of all of the chains comprising the IL-2 and IL-15 receptors, as well as the binding characteristics and signaling responses of the receptor complexes expressed by human NK cells upon activation. We demonstrate a tight temporal regulation of IL-15R␣ and IL-2R␣ expression in cytokine-stimulated NK cells, resulting in an initial and transient responsiveness to free IL-15, which is replaced at later stages by a dependency on IL-2 and trans-presented IL-15. Thus, NK cells activation can initially be sustained by a variety of IL-15-producing cells, but is restricted at a later stage to effectors of the adaptive responses that produce IL-2 and/or trans-present IL-15. This programmed switch in cytokine responsiveness may have profound consequences on the regulation of NK cell activity in innate and adaptive immune responses.
Materials and Methods

Surface expression of cytokine receptor chains in human NK cells
Venous blood was obtained from healthy volunteers through the Etablissement Francais du Sang, Centre Cabanel (Paris, France). PBMC were purified by density gradient centrifugation on Lymphoprep solution (AxisSchield). For cytokine activation, PBMC resuspended at 10 6 /ml in RPMI 1640 medium (Cambrex) complemented with 5% FBS (complete medium) in 24-well plates were treated with 5 nM IL-2 (Chiron-Novartis) or 2 nM IL-15 (Abcys) and cultured for 12, 24, or 48 h in 5% CO 2 at 37°C. For flow cytometry analysis with labeled Abs, PBMC were harvested and resuspended in 50 l of FACS buffer (PBS with 0.02% sodium azide and 5% FBS) and labeled for 1 h at 4°C with Abs to CD56-allophycocyanin, CD3-allophycocyanin-AF750 (eBioscience), CD122-PE (BD Biosciences), and CD25-FITC (DakoCytomation). Alternatively, PBMC were labeled with CD56-FITC, CD3-allophycocyanin-AF750 (eBioscience), CD132-PE (BD Biosciences), and IL-15R␣ (goat IgG1; R&D Systems), with a donkey anti-goat IgG-FITC Ab (R&D Systems) added as a secondary reagent, CD127-PE (R&D Systems), and anti-␥ c rat TUGh4-PE (BD Pharmingen). 
Purification of NK cells
Western blot analysis of mature and immature ␥ c chains
Purified NK cells were harvested, washed twice in PBS, and lysed in 0.5% Triton X-100 buffer (50 mM Tris-HCl (pH7.4), 5 mM EGTA, 5 mM EDTA, 30 mM NaF, 20 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 1 mM PMSF, and 10 M leupeptin). Two hundred micrograms of proteins from NK cell lysates was denatured for 5 min at 100°C in SDS-loading buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, bromphenol blue, and 5% 2-ME). Proteins were separated by electrophoresis on an 8% SDS-polyacrylamide gel and transferred onto a Hybond-ECL nitrocellulose membrane (Amersham Biosciences) overnight at 4°C. The membrane was saturated with BSA, incubated with either anti-␥ c rat TUGh4 (BD Pharmingen) or goat anti-␥ c polyclonal Abs (R&D Systems), and washed in TBS/ 0.5% Tween 20 buffer before being incubated with HRP-coupled anti-rat or anti-goat Abs (Amersham Biosciences). Proteins were then revealed by ECL-plus Western blotting detection reagents (Amersham Biosciences).
I-labeled IL-2-and IL-15-binding assays
Solutions of IL-2 (Chiron-Novartis) or IL-15 (Abcys) at 1 g/ml dissolved in 100 l of 100 mM sodium phosphate buffer were radiolabeled with 10 l of 125 I (0.5 mCi; MP Biomedicals) by the chloramine-T method (Riedelde-Haën) to a specific activity of 734 ϫ 10 6 cpm/mg for IL-2 and 1920 ϫ 10 6 cpm/mg for IL-15. Purified NK cells were harvested and washed twice in cold 100 mM glycine/150 mM NaCl buffer (pH 2.7) to release bound cytokines, then washed twice in PBS with 0.02% sodium azide and 10 mg/ml BSA (pH 7.4) and centrifuged after each wash for 5 min at 4°C. Binding experiments were conducted on 2-10 ϫ 10 6 cells per experiment. NK cells resuspended in a final volume of 80 l were incubated for 60 min in binding buffer (PBS with 0.02% sodium azide and 10 mg/ml BSA) in the presence of various amounts of 125 I-labeled IL-2 or IL-15 (from 1 pM to 250 nM). A 100-fold molar excess of cold IL-2 or IL-15 was then added for 10 min at 4°C, followed by 2 ml of cold binding buffer. Cell pellet and supernatant radioactivities were measured four times for 1 min on a multi-crystal LB 2111 gamma counter (Berthold Technologies). K d values and the number of binding sites were obtained by fitting the binding curves using Origin 6.0 software (Microcal) and the results are displayed as Scatchard plots for convenience as previously described (39) .
Jak3 immunoprecipitation and Western blot analysis of Jak and STAT phosphorylation
NK cell lysates containing 200 g of proteins in lysis buffer were incubated with 4 l of anti-Jak3 (rabbit Ab C-21 Santa Cruz Biotechnology) for 2 h at 4°C with agitation. Protein G-Sepharose beads (Amersham-GE Healthcare) washed in lysis buffer were then added for 1 h at 4°C. After four washes in lysis buffer, samples were denatured for 5 min at 100°C in SDS-loading buffer and proteins were separated by SDS-PAGE (8%) and transferred on nitrocellulose membranes overnight at 4°C. The membrane was saturated with BSA, incubated with either anti-p-Jak, anti-Jak1 (mAb Q19), anti-Jak3 (rabbit Ab C-21), anti-STAT5a (rabbit Ab L-20) (all Abs from Santa Cruz Biotechnology) or anti-p-STAT5a (pY694; BD Biosciences) and washed in TBS/0.5% Tween 20 buffer before being incubated with HRP-coupled anti-mouse Ab (Amersham Biosciences). Proteins were revealed by ECL-plus reagents (Amersham Biosciences).
Intracellular STAT5 phosphorylation assay
In brief, 10 6 PBMC cultured in 1 ml of complete medium at 37°C in 5% CO 2 were initially stimulated with 150 pM IL-15, IL-2, or IL-7 and then restimulated 18 or 48 h later by adding 0, 10, 20, 100, or 500 pM of either IL-2 or IL-15. To mimic IL-15 trans-presentation, IL-15 was complexed at a 1:1 ratio with soluble IL-15R␣ (recombinant human soluble IL-15R␣ (sIL-15R␣):Fc chimera; R&D Systems) and used at the same concentrations as free IL-15. In these experiments, cells were pretreated with human plasma to saturate FcRs before addition of the IL-15/sIL-15R␣:Fc complex. Cells were harvested 15 min after stimulation, fixed with 1.6% paraformaldehyde, permeabilized in 90% methanol as described previously (40), and labeled with anti-CD3-allophycocyanin-AF750 (DakoCytomation), anti-CD56-PE (Immunotech and Beckman Coulter) for NK cell detection and with anti-p-STAT5-AF647 (BD Biosciences) to detect the STAT5 molecules phosphorylated at Y694. Analysis was carried on a cyan flow cytometer, on a minimal number of 500 000 events in the NK cell gate. The mean fluorescence intensity (MFI) of p-STAT5 after cytokine stimulation was determined by subtracting the p-STAT5 MFI after the 18 or 48 h pretreatment from the p-STAT5 MFI after cytokine restimulation. Each experiment included fluorescence minus one controls in which the p-STAT5 mAb was replaced by an isotypic control Ab (mouse IgG1; BD Biosciences).
Analysis of intracellular IFN-␥ production and cell surface CD107a induction
In brief, 10 6 PBMC were prestimulated with cytokines for 18 or 48 h following the same protocol as for the STAT5 phosphorylation assay. Cells were then incubated for 1 h at 37°C in 5% CO 2 with brefeldin A (SigmaAldrich) at a final concentration of 0.5 g/ml to prevent exocytosis of expressed cytokines stored in vesicles. Six hours after restimulation, cells were permeabilized with a staining buffer set (eBioscience) and labeled with anti-CD-3-allophycocyanin-AF750 (eBioscience), CD-56-allophycocyanin (Beckman Coulter), anti-IFN-␥-PE-Cy7, and anti-CD107a-AF488 (eBioscience). Cells were analyzed by flow cytometry on a minimal number of 500,000 events in the NK cell gate. The MFI of IFN-␥ and CD107a after cytokine stimulation were corrected by subtracting baseline values after 18 or 48 h of cytokine pretreatment from the MFI postcytokine restimulation.
Results
IL-15 activates quiescent NK cells more efficiently than IL-2
We monitored the induction of CD69, an early activation marker, in NK cells treated for 48 h with increasing concentrations of the cytokines IL-2 and IL-15. Surface expression of CD69 was measured by flow cytometry in CD3 Ϫ CD56 ϩ NK cells from five healthy blood donors (Fig. 1) . CD69 was induced more efficiently by IL-15 than by IL-2, with maximum expression on NK cells reached at 2 nM IL-15 instead of 5 nM IL-2. In addition, the point of half-transition was 150 pM for IL-15 and 800 pM for IL-2, indicating that IL-15 was 5-to 6-fold more potent than IL-2 at activating quiescent NK cells. The maximum CD69 expression level was comparable for both cytokines at high concentrations, as expected for cytokines targeting the same intermediate-affinity receptor CD122/␥ c .
Rapid induction of the intermediate-affinity receptor at the surface of NK cells
The expression kinetics of individual IL-2R and IL-15R chains were followed on human NK cells from six healthy blood donors after in vitro stimulation with IL-2 or IL-15. CD122 was constitutively expressed at high levels by most quiescent NK cells (Ͼ90%) (Fig. 2A) . After IL-2 and IL-15 stimulation, the percentage of CD122-expressing cells remained high (Fig. 2B) and did not vary significantly over 3 days from six healthy blood donors.
The ␥ c (CD132) was not detectable at the surface of quiescent NK cells (Fig. 2C ) from 10 healthy blood donors. However, stimulation by IL-2 or IL-15 led to the rapid induction of ␥ c surface expression in the whole NK cell population, with a maximum reached as early as 12 h after stimulation (Fig. 2D) . Surface expression of ␥ c then persisted at high levels for up to 3 days. Thus, cytokine stimulation led to persistently high expression of the two chains comprising the intermediate-affinity receptors CD122 and ␥ c .
Expression of immature and mature ␥ c in resting and activated NK lymphocytes
Because we did not detect ␥ c by cytometry at the surface of highly purified quiescent NK cells while we expected this chain required for the IL-2/IL-15 NK cell response, we further studied the expression of this chain using several anti-␥ c analyzed by Western blot. We used the TUGh4 mAb specific for the mature form of ␥ c and the polyclonal Ab G␣␥ c pAb that detects both the mature and immature forms of the ␥ c as previously described (41) . We observed that mature ␥ c was detectable neither by flow cytometry (Fig. 3A) nor by Western blotting from NK cell lysed (Fig. 3B) at the surface of highly purified quiescent NK cells from more than 10 healthy donors (a representative example is shown in Fig. 3 ). However, NK cells stimulated for 12 h with IL-2 or IL-15 showed a strong surface expression of mature ␥ c by cytometry (Fig. 3A , bottom plots) as well as by Western blotting (Fig. 3B , 62-to 64-kDa band). This confirmed the strong expression of mature ␥ c chain 12 h after cytokine stimulation. We next used a polyclonal Ab (G␣␥ c pAb) that detects both the mature and immature forms of the ␥ c by Western blotting (Fig. 3C) . Interestingly, resting NK cells contained a significant pool of immature ␥ c (50 -52 kDa). Stimulation of cultured NK cells by IL-2 or IL-15 for 12 h led to both the maturation of ␥ c (apparition of the 62-to 64-kDa band) and to the accumulation of immature ␥ c (increase in the 50-to 52-kDa band), suggesting that both maturation and neosynthesis should contribute to the rapid induction of ␥ c expression at the cell surface. The presence of a preexisting intracellular pool of ␥ c can explain its rapid kinetics of expression at the cell surface upon NK cell activation, by bypassing the lag phase required for the induced protein neosynthesis.
Sequential expression of IL-15R␣ and IL-2R␣ on cytokine-stimulated NK cells
The expression kinetics of IL-2R␣ (CD25) and IL-15R␣ was assessed on NK cells from six healthy donors. CD25 was undetectable in most of quiescent NK cells, although a few CD25 ϩ cells were detected among the CD56 bright NK cell subset (5% of NK cells; Fig. 4A ). NK cells became predominantly CD25 ϩ 48 h after IL-2 and IL-15 stimulation (Fig. 4A) . The kinetics of CD25 induction after IL-2 stimulation was slow, with an initial increase detectable after 24 h and a maximum reached after 48 h of culture (Fig. 4B) . The kinetics of CD25 expression after IL-15 stimulation was slightly more rapid, with a detectable induction from 24 h and a plateau reached after 48 h. Of note, the CD25 MFI reached at the plateau (48 h) was three times higher after IL-15 than after IL-2 stimulation, suggesting a more potent activation of NK cells by IL-15.
The expression of IL-15R␣ showed a strikingly different pattern. IL-15R␣ was expressed at low but detectable levels in resting NK cells (Fig. 4C) . Both IL-2 and IL-15 stimulation caused a transient induction of IL-15R␣, with maximum expression reached 24 h after stimulation. IL-15R␣ was then rapidly down-regulated and became undetectable 36 h after stimulation, while unstimulated NK cells maintained low but detectable IL-15R␣ expression. Again, IL-15 induced IL-15R␣ expression three times more efficiently than IL-2 in NK cells. It was noteworthy that IL-15R␣ down-regulation was as complete after IL-15 than after IL-2 treatment, even though maximal receptor expression was higher in the former case. Taken together, these findings suggested a differential regulation of the high-affinity receptors for IL-15 and IL-2 in activated human NK cells. 
Sequential expression of high-affinity IL-2 and IL-15 receptors at the surface of NK cells
It was important to verify that expression of IL-2R␣ and IL-15R␣ resulted in the formation of high-affinity receptor complexes at the surface of NK cells. To this goal, we measured the binding constants of 125 I-labeled IL-2 and IL-15 for their receptors at the surface of purified human NK cells from three healthy donors. The binding of labeled cytokines from picomolar to micromolar concentrations was assayed at 4°C at times 0, 18, and 48 h after preactivation of NK cells with IL-2 (5 nM) or IL-15 (2 nM). On resting cells, high-affinity binding sites were barely detectable (Fig. 5B) , while intermediate-affinity sites were present (Fig. 5A) . (Fig. 4A) . The numbers of intermediate-affinity binding sites for IL-2 and IL-15 were comparable, compatible with these sites consisting in the same moieties (CD122 and ␥ c ). Intermediate-affinity binding sites preexisted in quiescent NK cells (700 -800 binding sites/cell), likely due to the capacity of CD122 homodimers to bind cytokines (42) . The number of intermediate-affinity binding sites increased upon activation, and reached higher levels after IL-15 activation (1700 sites/cell) than IL-2 activation (1100 sites/cell), consistent with the more efficient induction of CD122 and ␥ c expression by IL-15.
The K d for the high-affinity binding sites were almost identical for both cytokines, with values of 13 Ϯ 2 pM for IL-2 and 12 Ϯ 2 pM for IL-15 (Fig. 5C ). Although the affinities of IL-2 and IL-15 for receptors at the surface of activated NK cells were comparable, the number of high-affinity binding sites differed significantly. Eighteen hours after IL-2 stimulation, we titrated 1.5-fold more high-affinity IL-15 binding sites (90 sites/cell) than high-affinity IL-2 binding sites (60 sites/cell; (Fig. 5D) . Similarly, 18 h after IL-15 stimulation, the number of high-affinity IL-15 binding sites (160 sites/cell) was ϳ2.5-fold higher than that of high-affinity IL-2 binding sites (60 sites/cell; Fig. 5D ). After 48 h of stimulation by either cytokine, the high-affinity binding sites for IL-15 became undetectable (n Ͻ 20 sites/cell). In contrast, 48 h of IL-2 or IL-15 stimulation resulted in maximal induction of high-affinity IL-2 binding sites (220 and 480 sites/cell, respectively; Fig. 5, C and D) . These results are in agreement with the kinetics of expression of IL-2R␣ and IL-15R␣ and support the notion of a sequential induction of high-affinity receptors for IL-15 and IL-2 at the surface of activated NK cells. In addition, comparison of the numbers of high-affinity binding sites induced after IL-15 and IL-2 treatment (Fig. 5D, compare top and bottom graphs) confirmed the greater potency of IL-15 at activating NK cells.
Early phosphorylation events after cytokine stimulation of quiescent NK cells
To investigate the functional responses of quiescent NK cells to cytokines, we assayed the activation of the Jak/STAT pathway after 15 min of stimulation with either IL-2 or IL-15 in six healthy donors. Purified NK cells were stimulated with each cytokine at 150 pM, lysed, and subjected to immunoprecipitation with a Jak3-specific Ab. The coimmunoprecipitated signaling complexes were analyzed by immunoblotting with phospho-specific Abs to p-Jak and p-STAT5. Both cytokines induced the phosphorylation of Jak1 and Jak3 kinases (Fig. 6A) , as well as that of the STAT5 transcription factor (Fig. 6B) in quiescent NK cells. However, IL-15 was more efficient at initiating these early phosphorylation events (Fig.  6, A and B) . These findings were consistent with the increased efficiency of IL-15 at inducing CD69 and cytokine receptor chain expression at the cell surface in response to low cytokine concentration.
Time-dependent regulation of IL-2-and IL-15-induced STAT5 phosphorylation in activated NK cells
Functional responses of activated NK cells from six healthy donors were analyzed by pretreating PBMC with cytokines to reach optimal receptor expression, restimulating the cultures with a range of IL-2 and IL-15 concentrations and measuring the phosphorylation of STAT5 at Y694 in the CD3 Ϫ CD56 ϩ population. PBMC were pretreated with 150 pM IL-15, which yielded optimal expression of IL-15R␣ at 18 h and of IL-2R␣ at 48 h.
IL-2 stimulation (500 pM) induced more efficient STAT5 phosphorylation in NK cells preactivated for 48 h than for 18 h with IL-15 (Fig. 7A) , a finding compatible with the higher IL-2R␣ expression at 48 h (Fig. 4B) . Dose-response curves were then plotted to precisely compare the reactivity of NK cells after 18 and 48 h of pretreatment with IL-15. After 18 h of pretreatment, NK cells responses to IL-2 were of low intensity, with an increase in the p-STAT5 MFI detected at IL-2 doses comprised between 100 and 200 pM (Fig. 7B) . In contrast, efficient activation of p-STAT5 was detected after stimulation with as low as 10 pM IL-2 in NK cells preactivated for 48 h (Fig. 4C) . NK cells cultured in the absence of IL -15 (open symbols, Fig. 7 ) did show a detectable response to IL-2 or IL-15 stimulation, even at the 10 pM concentration, consistent with a limited expression of IL-2R␣ and IL15R␣ chains after 2 days of culture.
Functional responses of preactivated NK cells to IL-15 stimulation clearly differed from those observed with IL-2 stimulation. NK cells preactivated for 18 h with IL-15 responded optimally to a second IL-15 stimulation, while cells preactivated for 48 h showed no detectable STAT5 phosphorylation after a second IL-15 addition (Fig. 7D) . Again, these findings were consistent with the undetectable expression of IL-15R␣ at 48 h (Fig. 4D) . Dose-response curves showed that NK cells responded to picomolar concentrations of IL-15 after an 18-h preactivation, when IL-15R␣ expression was maximal (Fig. 7E) . Interestingly, NK cells preactivated for 48 h showed an undetectable p-STAT5 response to picomolar IL-15 stimulation, while NK cells that were cultured for 48 h in the absence of cytokine did show a response, likely due to the spontaneous expression of IL-15R␣ (Fig. 7F) . Thus, prior IL-15 activation inhibited subsequent responses to the same cytokine, defining a negative regulatory loop in the IL-15/IL-15R system.
These experiments were repeated with NK cells preactivated with IL-2. The data confirmed that IL-15 functional responses were optimal 18 h after preactivation and down-regulated afterward, while IL-2 responses peaked from the 48-h time point onward (data not shown). Altogether, the data showed a clear association between the number of high-affinity IL-2R and IL-15R expressed at the surface of NK cells and their signaling responses. Importantly, activated NK cells remained responsive to picomolar doses of IL-15 for a limited time period, while responsiveness to IL-2 increased progressively over time.
IL-15 complexed to IL-15R␣ retains the capacity to signal in activated NK cells
IL-15 can act on its target cells as a free soluble molecule or in a trans-presented form while complexed to IL-15R␣ at the surface of producer cells. Since studies in mouse models have proven the physiological relevance of trans-presented IL-15 (20, 24, 25) , we assessed the reactivity of NK cells from six healthy donors to this form of "chaperoned" cytokine. To mimic trans-presentation, we used IL-15 complexed at a 1:1 ratio with the extracellular domain of IL-15R␣ (sIL-15R␣) fused to an Ig Fc region. This complex was able to activate quiescent NK cells, as indicated by efficient STAT5 phosphorylation at doses as low as 10 pM (data not shown). Importantly, NK cells preactivated for 48 h with IL-15 maintained an efficient response to the IL-15/sIL-15R␣ complex, whereas the response to free IL-15 was minimal (Fig. 8A) . Doseresponse analysis showed that the IL-15/sIL-15R␣ complex signaled at the 10 pM concentration and was even more efficient than IL-2 at inducing STAT5 phosphorylation in NK cells preactivated for 48 h. In contrast, free IL-15 induced a limited response that became detectable at concentrations above 100 pM (Fig. 8B) . These finding indicated that the IL-15/sIL-15R␣ complex could signal efficiently in NK cells that had down-regulated the endogenous IL-15R␣ chain but still expressed the CD122 chain and ␥ c . This suggested that, in the late activation stage, NK cells could still respond to trans-presented IL-15, while sensitivity to free IL-15 had become minimal.
IL-2 and IL-15 functional responses are controlled by high-affinity receptor expression
To determine the physiological relevance of our findings, we tested effector functions of NK cells at different times following cytokine treatment. We measured the surface expression of CD107a (or LAMP-1), an endosomal marker which is exposed upon degranulation and which has been associated with NK cell cytotoxic activity (43) . We also measured intracellular IFN-␥ production, since this cytokine is one of the primary mediators of NK cell function. NK cell functions were analyzed in cells from six healthy donors 18 and 48 h after pretreatment with IL-15 (150 pM). At the 18-h time point, NK cells responded weakly to IL-2 restimulation (Fig.  9, A and E) . In contrast, at the 48-h time point, efficient CD107a and IFN-␥ expressions were detected after stimulation with as low as 10 pM IL-2 (Fig. 9, C and G) .
Functional responses of IL-15-pretreated NK cells to IL-15 stimulation clearly differed from those observed with IL-2 stimulation. At the 18-h time point, NK cells responded optimally to picomolar concentrations of IL-15 (Fig. 9, B and F) , while no detectable CD107a and IFN-␥ expression was detected at the 48-h time point (Fig. 9, D and H) . Again, these findings were consistent with maximal IL-15R␣ induction 18 h after pretreatment and undetectable IL-15R␣ expression 48 h after pretreatment (Fig. 5D) . NK cultured for 2 days in the absence of IL-15 (E, Fig. 9 ) did show a low but detectable response to IL-2 or IL-15 stimulation, even at the 10 pM concentration, consistent with a spontaneous induction of IL-2R␣ and IL15R␣ chains at low levels in cultured NK cells. Taken together, these findings showed that NK cell responses followed the same kinetics as that of IL-2R␣ and IL-15R␣ expression, emphasizing the importance of the cytokine receptor expression pattern in controlling NK cell function.
␥ c family cytokines induce a common cytokine receptor expression program on NK cells
To test the generality of our findings, we evaluated IL-2R and IL-15R expressions in NK cells preactivated by IL-7, another cytokine of the ␥ c family. Phenotyping of NK cells from six healthy blood donors showed that IL-7 treatment did not change significantly the already high expression levels of CD122, but caused a rapid induction of the ␥ c , which reached high levels from 12 h onward (Fig. 10, A and B) . CD25 induction was progressive, with detectable expression at 24 h of IL-7 treatment and slowly increasing levels during the 3-day culture (Fig. 10C) . Once again, IL-15R␣ expression was transient, with efficient induction at 12 h and complete down-regulation at 48 h. Thus, the pattern of cytokine receptor expression induced by IL-7 paralleled that observed after IL-2 and IL-15 treatments. This notion was reinforced by the fact that all three cytokines caused a progressive down-regulation of the IL-7R␣ chain CD127, while untreated NK cells up-regulated CD127 (Fig. 10E) . Thus, ␥ c cytokines triggered a common cytokine receptor expression program in human NK cells.
Discussion
This study provides evidence for sequential expression of IL-15R␣ and IL-2R␣ at the surface of cytokine-activated human NK cells. Treatment with IL-2, IL-15, or IL-7 resulted in a similar receptor chain expression pattern, which conferred transient responsiveness to free IL-15, followed by long-lasting responsiveness to IL-2 and trans-presented IL-15. This sequence of events did not depend on the initial stimulus, even though IL-15 proved more efficient at initiating early activation events. Thus, human NK cells show a programmed response to ␥ c cytokine stimulation, which may differentially control NK cell function in the innate and adaptive stages of the immune response.
Detailed analysis of receptor chains expression provides clues to the respective role of IL-2 and IL-15 in human NK cell physiology. NK cells appear primed to respond quickly and efficiently to an initial IL-15 stimulus. 1) Resting NK cells constitutively express low levels of IL-15R␣ and high levels of the ␤-chain CD122. The only chain needed to reconstitute the high-affinity receptor ␥ c shows a rapid kinetics of induction, so that high-affinity receptors are rapidly available to amplify the IL-15 response. In contrast, the IL-2R␣ chain is barely detectable in quiescent NK cells and is induced with a slow kinetics, resulting in delayed optimal IL-2 responses. 2) IL-15R␣ reaches a maximum of expression between 16 and 20 h after activation, at a time when ␥ c is also optimally induced. As a consequence, the number of high-affinity binding sites for IL-15 is Ͼ2-fold higher than that for IL-2 one day after activation (Fig. 5) , resulting in more efficient signaling responses (Fig. 7, B and E) . We verified that phosphorylation of the early effectors Jak1 and Jak3 paralleled that of STAT5 (data not shown), confirming that differences in IL-15 and IL-2 responses were controlled at the receptor level.
The mechanism initiating cytokine responses in quiescent NK cells is not entirely elucidated, since ␥ c is not expressed at detectable level at the surface of these cells (44) . Commercial Abs to ␥ c do not appear sensitive enough to detect low amounts of the protein. Indeed, we did not detect ␥ c expression by flow cytometry (Fig. 2D ) nor by immunoradioassay with a 125 I-labeled anti-␥ c Ab with a sensitivity threshold above 60 molecules/cell (data not shown). However, binding of 125 I-labeled IL-2 or IL-15 revealed the presence of ϳ750 intermediate-affinity receptor sites per quiescent NK cells, well above the ␥ c detection threshold (Fig. 4A) . We and others have previously shown that CD122 can assemble into homodimers and bind IL-2 with intermediate affinity, which would explain the detection of IL-2 binding sites on quiescent NK cells (42, 45, 46) . CD122 homodimers may be able to initiate signaling, which would then be amplified by the rapid induction of ␥ c . Alternatively, trace amounts of ␥ c may build up intermediateaffinity receptors by association with abundant CD122 chains present at the surface of quiescent NK cells and may then trigger signaling. Once signaling is initiated, the rapid induction of ␥ c expression provides an efficient means to increase the number of active receptors. Several mechanisms ensure the induction of ␥ c expression. 1) We have observed that ␥ c mRNA is expressed at significant levels in quiescent NK cells and is quickly induced after activation (data not shown). 2) ␥ c protein synthesis is also increased after NK cell activation, as indicated by the increase in total ␥ c content in activated NK cell protein extracts. 3) ␥ c proteins preexist in an immature form in resting NK cells and are rapidly matured upon activation (Fig. 3) . We have previously shown that a similar intracellular pool of immature ␥ c is present in resting CD4 ϩ T cells and that this immature form can be rapidly glycosylated and exported to the cell surface upon activation (41) . Thus, the maturation of a starter pool of ␥ c represents a conserved mechanism which confers cytokine responsiveness to recently activated leukocytes. Of note, several receptors that play key roles in immune activation, such as MHC molecules, show a similar pattern of intracellular retention and rapid export to the cell surface upon activation (47, 48) . Once signaling is triggered, the inducibility of ␥ c mRNA and protein expression help sustain and amplify the activation, resulting in a positive feedback loop between receptor induction and receptor signaling.
Triggering of signaling through the intermediate-affinity receptor also induces expression of the IL-15R␣ and IL-2R␣ chains, but with slower and sequential kinetics. Expression of these receptor chains ensures high-affinity interactions with their respective cytokine ligands, but also extends the time of cytokine residency on the binding sites (greater kinetic dissociation constant k off ). As a consequence, early signaling events, such as STAT5 phosphorylation, and late functional responses, such as CD107a and IFN-␥ expression, are more efficient. For instance, we found that IL-2 binding on 200 high-affinity receptors resulted in the same induction of p-STAT5 as the binding of 1600 intermediate-affinity receptors (cf Figs. 4 and 7) . The sequential expression of IL-15R␣ and IL-2R␣ clearly controlled both signaling and functional NK cell responses, since receptor expression, STAT5 phosphorylation, CD107a cell surface expression, and IFN-␥ production all followed the same pattern. Namely, activated NK cells showed optimal signaling and functional responses to IL-15 stimulation at the 18-h time point, at the peak of IL-15R␣ expression, while optimal responses to IL-2 were achieved later, at 48 h, when IL-2R␣ expression was maximal. These results point to a tight temporal regulation of NK cell functions.
Although several parameters favored an initial responsiveness of NK cells to IL-15, this phenomenon was transient. Two days after activation, NK cells became refractory to picomolar IL-15 stimulation, while sensitivity to IL-2 stimulation increased. The loss of responsiveness to IL-15 was associated to a rapid downregulation of IL-15R␣ expression as measured by flow cytometry (Fig. 4D) . Accordingly, the high-affinity binding sites for IL-15 became undetectable at the surface of NK cells. Since IL-15R␣ mRNA levels remained stable at this stage (data not shown), posttranscriptional regulation likely accounts for the loss of IL-15R␣ expression. A possible mechanism is the cleavage of IL-15R␣ by the TNF-␣-converting enzyme TACE/ADAM17 protease at the cell surface, a phenomenon shown to generate a soluble inhibitory form of the receptor (49, 50) . Remarkably, IL-15R␣ down-regulation was drastic, with expression levels at the cell surface lower in activated NK cells than in resting NK cells. Accordingly, resting NK cells showed a degree of response to picomolar IL-15 concentrations, while activated NK cells remained unresponsive (Fig.  5F ). Such a tight negative regulation may serve to avoid deleterious consequences of excessive NK cell activation. Tight control of IL-15R␣ may be particularly important in humans who can show detectable levels of circulating IL-15, particularly in cases of inflammation and autoimmune pathologies (51, 52) . This contrasts with murine models where IL-15 remains mostly undetectable in the circulation. The presence of free IL-15 in humans emphasizes the need of keeping IL-15 paracrine effects in check through receptor down-regulation.
The fact that IL-15 down-regulates its own receptor has been reported in murine and human T cells (38, 53) . A parallel can be drawn with the notion of "altruistic receptor down-regulation" established by Singer and colleagues (54) for IL-7R whereby activated T cells down-regulate IL-7R at the same time as they acquire competency to use other cytokines (such as IL-2), so that competition with resting T cells for limiting IL-7 resources is minimized. However, the notion of an early and transient window of induction of IL-15R␣ by ␥ c family cytokines is novel and may be more relevant to the control of NK cell activation than to the maximization of IL-15 availability. IL-15 is produced by cells of the monocyte/macrophage lineage, DC, and stromal cells. Production of this cytokine is markedly increased in APC activated by pathogens, a phenomenon that is thought to play a key role in promoting NK cell activation (25, 55) . Activated NK cells, in turn, contribute to DC maturation through contact-dependent mechanisms and abundant secretion of cytokines, such as TNF-␣, IFN-␥, and GM-CSF (6, 7). The NK/DC cross-talk has consequences on other immune compartments as well, since NK-mediated DC activation contributes to the initiation of T cell-dependent responses (56) . It ensues that excessive NK cell activation through persistent IL-15 signaling may have numerous unwanted consequences, including overproduction of inflammatory cytokines, bystander cell lysis, or perturbed development of adaptive responses.
Loss of IL-15R␣ at the surface of activated NK cells may render these cells dependent on stimulation through IL-15/sIL-15R␣ complexes trans-presented by APC, resulting in a tighter regulation of the NK activation process. Trans-presentation requires intercellular contact (19, 23) , ensuring the coordinated activation of NK cells and APC. In addition, we showed that NK cells progressively acquire a responsiveness to IL-2, which is produced in minute amounts by activated DC (57) and mainly originates from activated T cells. The implications of gaining IL-2 responsiveness at a late stage of NK cell activation are several. 1) Because IL-2 is mainly secreted by activated CD4 ϩ T cells, it will place NK cell activation under the control of adaptive immunity. NK cell cytotoxic activity will be targeted to sites where foreign Ags and responding CD4 ϩ T cells accumulate, avoiding a generalized NK cell activation that could prove deleterious in chronic infections. 2) Since CD4
ϩ T cell activation and IL-2 production take place predominantly within secondary lymphoid organs, activated NK cells may be recruited to and persist in these sites and influence the development of adaptive immune responses. IFN-␥ secretion by NK cells may facilitate CD4
ϩ T cell differentiation toward a Th1 phenotype (8) . In addition, activated NK cells have the capacity to kill immature DC, which may play a key role in maintaining tolerance and in terminating immune responses (58). 3) Last, highdose IL-2 has been reported in certain studies to induce NK cell apoptosis (35) , which may help terminate NK cell activation through a negative feedback loop. Thus, IL-2 responsiveness of NK cells would contribute to the innate/adaptive immunity crosstalk at multiple levels. Although early IL-15 responsiveness is probably important in the rapid induction of NK cell innate effector functions, late IL-2 responsiveness may confer a regulatory role to NK cells during the adaptive stage of the immune response. Thus, the sequential expression of IL-15R␣ and IL-2R␣ may play a key role in coordinating the innate and adaptive branches of the immune system.
In conclusion, this study provides evidence for the sequential expression of IL-15 and IL-2 high-affinity receptors at the surface of activated human NK cells. This cytokine receptor expression program can account for the differential effects of IL-2 and IL-15 on NK cells and may contribute to the tight control of NK cell activity in humans. These findings are relevant for the optimization of immunotherapeutic approaches that involve cytokine administration by highlighting the time frame relevance for the efficient concentrations of cytokine to promote NK cell effector functions.
